In this paper, reduction of the radiated sound from a vibrating rectangular plate is studied using the Acoustic Prediction Filter to estimate the radiated sound using the acceleration signals of the plate. A piezoceramic transducer (PZT) is used as an actuator to reduce the vibration and the radiated sound. To maximize the control performance, each PZT actuator is located at the position that has the largest control sensitivity of the plate bending moment in the direction of x and y coordinates and the optimal PZT location is validated experimentally. To find the acoustic prediction filter accurately, two accelerometers are located at the positions that have the largest radiation efficiencies of the plate, and the proposed locations are validated by simulation using the Rayleigh integral. The multichannel filtered-x LMS algorithm is introduced to control a complex 2-D structural vibration mode. The control system using the acoustic prediction filter is presented and validated by experiments using a real time control system.
INTRODUCTION
Sound radiated from a vibrating structure is a persistent problem in numerous applications, and it has long been a subject of research in the acoustic community. The common practice of using passive techniques often results in heavy systems that are inefficient at low frequencies. In recent years, considerable effort has been devoted to active control techniques to reduce structurally radiated sound especially at low frequency.
To maximize the control performance, each PZT actuator is located at the position that has the largest control sensitivity of the plate bending moment in the direction of x and y coordinates and the optimal PZT location is validated experimentally. To find the acoustic prediction filter accurately, two accelerometers are located at the positions that have the largest radiation efficiencies of the plate, and the proposed locations are validated by simulation using the Rayleigh integral. An active structural acoustic system is then presented to predict and reduce the radiated sound pressure using the acoustic prediction filter that represents the relationship between the vibration signals and microphones. In this study, the locations of the PZT actuator and accelerometers for controlling the radiated sound from a vibrating plate are proposed. It is validated by experiments using a real time control system using the acoustic prediction filter.
ESTIMATION OF RADIATED SOUND USING THE ACOUSTIC PREDICTION FILTER
The acoustic prediction filter represents a transfer function between the accelerometer and the microphone. The acoustic prediction filter is modeled by the finite impulse response (FIR) filter. Two filter arrays, processing the outputs of two accelerometers, estimate the sound pressures in the far field. FIR filters are commonly represented in terms of a discrete impulse response {U l , l = 0,1,..., L} . Thus, the accelerometer output y(n) at time t n can be expressed as (1) where U is the impulse response of the FIR filter, (2) N i is the coefficients of the filer is the ith accelerator signal at time t n , (3) L is the length of the filter array and N d is the number of accelerometers.
The error to be minimized is the difference between the measured pressure and the accelerometer output:
Here, both X(n) and U contains , and so can be written as X k (n) and U k (1, ..., K ), respectively. Eqn (4) can be rewritten in a closed form such as
, where
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The cost function to be minimized is defined as the mean square value of the error signal, (6) The above expression is the form of a quadratic function in terms of the filter coefficients U k . Thus there is only one optimal solution. Differentiating J(U k ) with respect to U k in eqn 6 results in (7) The LMS algorithm 5 can be used to obtain the coefficients U k (k = 1, 2,...,K) in order to minimize the cost function J(U k ) using the steepest descent method,
Where, µ controls the stability and the rate of convergence. The time domain LMS algorithm uses an instantaneous gradient approximation yielding the following update equation:
(9) Fig. 1 shows the block diagram of the vibro-acoustic path modeling using the acoustic prediction filter.
LOCATION OF STRUCTURAL TRANSDUCERS 3.1 Locations of PZT
The displacement of the plate can be written as below.
(10)
And the control sensitivity of the plate bending moment, S A , can be written as a function of the displacement of the plate as follow 6 ,
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Configuration of vibro-acoustic modeling using the acoustic prediction filter.
where, V a : voltage applied to the PZT actuators. A : area of the plate To maximize the control performance, Eqn (11) is used to find the optimal locations of the piezoceramic actuators. Fig. 2 shows the locations of the piezoceramic actuators.
EVALUATION OF LOCATIONS OF PZ T
For the evaluation of the optimal location of PZT, various locations for the PZT were examined during the experiments by investigating the vibration output. Applying the same voltage to the PZT, the location having the largest vibration output is chosen for the optimal position which represents the largest control sensitivity of the plate bending moment in the direction of x and y coordinates. Fig. 3 shows the locations of PZT and accelerometers, and Fig. 4 shows the experimental setup. Locations of PZT actuators and accelerometers.
When the location of the PZT is changed, the average values of the accelerometer signal are calculated. Fig. 5 shows the vibration signals generated by the PZT attached horizontally. Location number shows the largest value, which is proposed for the optimal location of the PZT in the horizontal direction. Fig. 6 shows that the vibration signals generated by the PZT attached vertically number 6 shows the largest value, which can be used for the optimal location of the PZT in the vertical direction.
Locations of accelerometers
To find the acoustic prediction filter accurately, two accelerometers are located at the position that have the largest radiation efficiencies of the plate. The radiation efficiency represents the relationship between the vibrating structure and the radiated sound. The radiation efficiency can be written as, (12) where, 'm, n' is mode of the plate. W is the radiated sound power, ρ 0 is air density, c is sound velocity, S is the vibrating sufrace, is the temporal and spatial average modal velocity of the plate. At the mode having a high radiation efficiency, more vibration energy is radiated than other modes with low radiation efficiencies. Thus, the structural mode having high radiation efficiency is used to model the acoustic predictions filter accurately. Wallace 7 gives the following expression for the radiation efficiency of the palte.
When both 'm' and 'n' are odd. Comparison of the PZT locations (horizontal direction).
When 'm' is odd and 'n' is even.
When both 'm' and 'n' are even.
where, k is wave number. a is length of the plate. 'm' and 'n' denote the (m, n) mode of the plate. When both 'm' and 'n' are odd, the radiation efficiency is high. Hence, the locations of the accelerometers are the positions where the odd-odd modes of the plate can be measured properly. Fig. 7 shows the locations of the accelerometers.
Evaluation of the locations of the accelerometers
With the Helmholtz equation and the structure-medium boundary conditions, the sound pressure at the distance 'r' from a point source can be written as Acc. average Figure 6 Comparison of the PZT locations (vertical direction). 
where, k 0 is wave number and q 0 is the source strength. The radiated sound from a sufficiently small point source in the structure can be characterized by the radial motion only. Now, q 0 in eqn (16) becomes q 0 = S 0 v 0 (where, S 0 is the area of the vibrating surface, v 0 is the volume velocity at the source).
If there are many point sources, the total radiated sound pressure can be obtained by summing all the sound pressures as shown in Fig. 8 . Thus the sound pressure becomes, (17) where, r i is the distance from the i-th source. Using eqn (17), the radiated sound can be obtained. To estimate the radiated sound of the clamped plate, the velocity is measured at 9 positions in the middle of the plate (Case 1) as shown in Fig. 9 , the proposed 2 positions (Case 2) and arbitrary 2 positions(Case 3~Case 5) are also shown in Fig. 10 . The contributions of radiated sound are shown in Fig. 10 , and their overall sound pressures are compared in Fig. 11 . The estimated sound pressure using the proposed 2 positions is very close to Case 1 that considers 9 positions. This result shows the proposed 2 positions are more appropriate than the other positions. Figure 13 shows the locations of excitation point, PZT, accelerometers and microphones. DSP board (TMS310c3O) is used by coding assembly language as active controller. After the error path (the path between the PZT actuator and the accelerometer) is obtained, the vibro-acoustic path (the path between the accelerometer and the microphone) are estimated using the acoustic prediction filter. Then the experiment is performed for various conditions.
EXPERIMENTAL RESULTS OF ACTIVE STRUCTURAL

Results and consideration Excitation frequencies of 195 Hz and 230
Hz are chosen to demonstrate the performance of the control system. These excitation frequencies correspond to the two natural frequencies of the plate, which have more significant effects on the radiated sound pressure than other natural frequencies. 
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Figure 10
Estimation of the radiated sound pressure.
Figure 11
Estimation of the overall radiated sound pressure. The reduction levels at each microphone are 7 dB and 6 dB, respectively. Fig. 15 shows the control results in the case that the excitation frequency is 230 Hz. The reduction levels of each microphone are 9.6 dB and 9.4 dB.
CONCLUSIONS
The control system is implemented using the acoustic prediction filter and the piezo ceramic actuators to reduce the radiated sound, and the main results are as follows.
The locations of structural transducers are carefully examined, and so the locations of the PZT are determined according to the control sensitivities in both directions of x and y coordinates, and the optimal PZT locations are validated experimentally. Also, the locations of accelerometers are determined by the radiation efficiencies and the proposed locations are validated by simulation using the Rayleigh integral.
The algorithm for the acoustic prediction filter is introduced, which estimates the radiated sound by the acceleration signals of the plate. The experimental results show the feasibility of active control to reduce the radiated sound. Using the acoustic prediction filter, the method of predicting the radiated sound is developed.
The research for multiple frequencies excitations using this method is required in future.
Vol. Figure 12 Experimental setup. Schematic diagram of the plate.
